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くつかの研究（Niizeki and Oono 1971，大野1975，






















































































































































































































Early  Middle  Late Early Late  Mature pollen Uninucleate stage  Binucleate stage
 
Fig.1. Pollen developmental stages in rice. Pollen
 
grains were observed after staining smeared
 
anthers with acetocarmine. A Japonica rice
 
cultivar,Kita-ake was used.
A:Each tetrad is released and becomes an
 
individual microspore. B: Thin exine and
 
germpores become perceptible. C: Exines
 
and germ-pores are prominent. D: Small
 
vacuoles  disperse widely. Cytoplasm
 
appears thin in comparison with C. The
 
nucleus is located in the center of the pollen.
E: One large vacuole occupied almost the
 
entire cell. The location of the nuclei
 
changes to the peripheral position;from near
 
germ-pores to the other side of germ-pores.
F:Mitotic division occurs forming two nuclei.
Starch begins to fill the other side of germ-
pores. G:Starch fills in the whole cell and
 
the nuclei can not to be seen. H:The pollen
 
filled with starch. Division of sperm nuclei
 











































Fig.2. Relationship between auricle distance and the
 
rate of callus induction (percentage of the
 
number of calli to that of anthers). Japonica
 
rice cultivars,Kita-ake (○, open circle)and
 
kirara 397(●,closed circle)were used in 1995
 
and 1996,respectively. Time of seeding and
 
anther inoculation were June and Aug.,
respectively, in 1995, and July and Sept.,
respectively,in 1996.

















plant regeneration per anther
(%)
Kita-ake  Kirara 397
 
Early-uninucleate(A,B)?? － ?? － － 99 8 （2)?? 2
Mid-uninucleate (C,D) 746 261（100)?? 110 565 415（100) 79
Late-uninucleate (E) 580 161（62) 53 888 329（79) 30
Early-binucleate (F) 330 77（30) 28 470 165（40) 15
Late-binucleate (G) 222 5 （2) 0 156 72（17) 2
Mature pollen (H) 277 5 （2) 2 112 27 （7) 1
Note:1)Alphabet in parentheses represents pollen developmental stage shown in Fig.1.
2)Anthers at early-uninucleate stage could not be collected.
3)Numbers in parentheses show the ratio to the mid-uninucleate stage as 100.
4)Rate＝ total number of calli induced/number of anthers inoculated.
5)Product of the rate of callus induction (Table 1)and that of green-plant regeneration from calli (Table 2).
Time of seeding and anther inoculation were May and July,respectively,in 1997.
































and Magill 1979，Nakano and Maeda 1989）で，
２核期の葯でもカルスの誘導が報告され，さらに本
実験では従来の研究（Niizeki and Oono 1971，
Wang et al.1974）でカルスを誘導できなかった成
熟花粉からも低頻度ながらカルスが誘導された
Table 2. Rate of plant regeneration from the calli derived from anthers at different pollen developmental stages.
Rate of plant regenera-
tion from calli (%)
Rate of plant regenera-
tion from calli (%)




















Kita-ake  Kirara 397
 
Early-uninucleate(A,B)?? －?? － － － － 116  21  43  64  33
 
Mid-uninucleate (C,D) 200  42  33  75  56  200  19  38  57  33
 
Late-uninucleate (E) 200  33  43  76  43  200  9  39  48  19
 
Early-binucleate (F) 193  37  45  81  46  200  9  38  47  19
 
Late-binucleate (G) 7  0  86  86  0  112  3  19  21  14
 
Mature pollen (H) 14  43  50  93  46  63  2  11  13  15
 
Note:1)Alphabet in parentheses represents pollen developmental stage shown in Fig.1.
2)Anthers at early-uninucleate stage could not be collected.
Time of seeding and anther inoculation of two Japonica rice cultivar were May and July,respectively,in 1997.
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Table 3. Rate of spontaneous doubling plants regenerated from the calli derived from anthers
 
at different pollen developmental stages.
Pollen stage  No.of plants transplanted
 
Rate of spontaneous doubling plants regenerated (%)
No.of plants transplanted
 
Rate of spontaneous doubling plants regenerated (%)
Kita-ake  Kirara 397
 
Early-uninucleate(A,B)?? －?? － 19  26
 
Mid-uninucleate (C,D) 56  34  22  36
 
Late-uninucleate (E) 61  38  10  50
 
Early-binucleate (F) 56  32  16  38
 
Late-binucleate (G) － － 3  33
 
Mature pollen (H) 5  0  1  0
 
Note:1)Alphabet in parentheses represents pollen developmental stage shown in Fig.1.
2)Anthers at early-uninucleate stage could not be collected.




















































































































































Fig.3. Length of glume and stamen.
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Fig.4. Length of stamen,that of glume and the ratio
 
of the length of stamen to that of glume at
 
each pollen developmental stage. A Japon-
ica rice cultivar,Kirara 397 was used. Verti-
cal bars indicate ±S.D. Horizontal axis
 



































































Table 4. Efficiency of the selection the spikelets suitable for anther culture by several indexes.
Efficiency of selection of suitable spikelets??
Indexes  A?? % B?? %
I  Glume length  5.3mm～6.6mm  134/161  83  134/235  57
 
II  Glume length ≧5.3mm  226/499  45  226/235  96
 
III  Length of stamen?? 2.2mm～2.8mm  191/219  87  191/235  81
 
IV  Ratio of the length of stamen to that of the glume
≦0.42  205/268  76  205/235  87
 
V  Combinations of the index II and IV  202
/230  88  202/235  86
 
Note:1)Spikelets with anthers at the pollen stage of C,D and E,which are suitable for anther culture.
2)Number of suitable spikelet included in the spikelets selected by each index/Total number of spikelet selected by index.
3)Number of suitable spikelet included in the spikelets selected by each index/Total number of suitable spikelets for anther culture.
4)Length from the tip of anther to the base of palea.




































































































































































Fig.5. Rate of callus induction (percentage of the
 
number of calli to that of anthers) in the
 
anthers inoculated at constant and alternat-
ing temperatures. A Japonica rice cultivar,
Kita-ake, was used in each year. Time of
 
seeding and anther inoculation were Aug.and
 
Sept., respectively, in 1994, and April and
 
July,respectively,in 1995,and June and Aug.,
respectively,in 1996 and 1997.
□ :Constant temperature(day/night＝25℃/25℃).
■ :Alternating temperature(day/night＝30℃/20℃).
















Fig.7. Rate of callus induction in the anthers
 
inoculated at constant and alternating tem-
peratures. Rate of callus induction in agar
 
medium represent percentage of the number
 
of anthers inducing callus or calli to that of
 
anthers and that in liquid medium represent
 
percentage of the number of calli to that of
 
anthers. Time of seeding and anther inocula-
tion were July and Sept.,respectively,in 1999.
□ :Constant temperature(day/night＝25℃/25℃).
■ :Alternating temperature(day/night＝30℃/20℃).
Table 5. Comparison of callus induction rate under five alternating temperature conditions.
Culture temperature
 










Rate of callus induction (%)??
Kita-ake
 
1998-I  109  63  81
 
1998-II  31  13  43
 




1998-I  90  51  127
 
1998-II  35  22  99
 
1999  262  329  348
 
Note:1)Value represents the daily average temperature.
2)Rate＝ total number of calli induced/number of anthers inoculated.
Time of seeding and anther inoculation were May and July, respectively, in 1998-I, July and Sept.,
respectively,in 1998-II,and April and June,respectively,in 1999.
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Fig.6. Rate of callus induction (percentage of the
 
number of calli to that of anthers) in the
 
anthers inoculated at constant and alternat-
ing temperatures. Time of seeding and
 


























































Table 6. The rate of plant regeneration from calli exposed to constant and alternating temperature throughout
 
the period from anther inoculation to plant regeneration.
Culture temperature  


















Kita-ake  1995  25/25  1575  58  150  51  29  80  64  30
 
30/20  1880  105  150  56  19  75  75  59
 
Kita-ake  1996  25/25  1800  36  160  45  14  59  76  16
 
30/20  1686  76  160  73  4  77  95  55
 
Kita-ake  1997  25/25  1009  72  200  40  49  89  45  29
 
30/20  826  121  200  60  37  97  62  73
 
Kirara 397 1997  25/25  945  31  200  10  58  68  15  3
 
30/20  1031  54  200  12  62  74  16  6
 
Yukihikari 1997  25/25  1603  128  200  13  80  93  14  17
 
30/20  1575  159  200  21  78  99  21  33
 
Aya  1997  25/25  1030  35  200  24  60  84  29  8
 
30/20  1274  61  200  31  57  88  35  19
 
25/25 － 60 － 31  48  79  41  17 Average  30/20 － 96??? － 42? 43  85  51? 41?
Note:1)Rate＝ total number of calli induced/number of anthers inoculated.
For time of seeding and anther inoculation,see the captions of Figs.5 and 6.
?,???:Significantly different from control (25/25)at 5 and 0.1% level.




































Table 7. Rate of regeneration of four plots which were combined two temperature conditions of alternating tempera-
ture and constant temperature with two culture periods of dedifferentiation and plant regeneration.
Culture temperature  Rate of plant regeneration from calli (%) Green plants/All plants (%)Experimental plots  Day(
℃)/Night (℃) Green plants(A)
Albino plants
(B) (A/A＋B)
Year  Year  Year Dedifferentiation period  
Plant regeneration period  1995  1996  1995  1996  1995  1996
? 25/25  25/25  51  45  29  14  64  76
? 30/20  25/25  43  69  15  12  74  85
? 25/25  30/20  61  63  30  11  67  85
? 30/20  30/20  56  73  19  4  75  95
 
Note:A Japonica rice cultivar,Kita-ake was used.
Rates of regeneration were obtained from cultures of 150 calli in 1995 and 160 calli in 1996.
The dedifferentiation and plant regeneration periods were 42 and 60 days,respectively.
For time of seeding and anther inoculation,see the caption of Fig.5.
Table 8. Effect of alternating temperature applied during dedifferentiation and plant regeneration periods on the
 
rate of regeneration from calli.
Rate of plant regeneration from calli (%) Green plants/All plants (%)
Effect of alternating temperature  Green plants(A)
Albino plants
(B) (A/A＋B)
1995  1996  1995  1996  1995  1996
 
Dedifferentiation period
?-? －8  24 －14 －2  10  9
?-? －5  10 －11 －7  8  10
 
Regeneration period
?-? 10  18  1 －3  3  9
?-? 13  4  4 －8  1  10
?～? show the experimental plots in Table 7.









































































Fig.8. Double chamber method used to prevent con-
tamination and evaporation of the medium in
 
the unsealed inner plastic Petri dish (90×20-
mm). Outer glass dish (116×24-mm) con-
tains wet filter paper on the bottom.










































































Fig.9 . Changes in the volume of liquid medium in a
 
plastic Petri dish sealed with Parafilm or not
 
sealed during  incubation. Plastic Petri
 
dishes of 90×20mm,each containing 20 ml of
 
liquid medium,were incubated at 25℃.
○ :Sealed with Parafilm (conventional method).
▲ :Not sealed.



























Fig.11. Rate of plant regeneration from the calli in
 
a plastic Petri dish sealed with Parafilm or
 
not sealed during the callus induction
 
period,in anther culture of a Japonica rice
 
cultivar,Kirara 397 in 1999. Time of seed-
ing and anther inoculation were April and
 
June,respectively,in experiment 1,and July
 
and Sept.,respectively,in experiment 2.
1)All regenerated plants include both
 
green and albino plants.
□ :Sealed with Parafilm (conventional method).
■ :Not sealed but covered with a glass Petri dish
(double chamber method).
Fig.12. Rate of plant regeneration from the calli
 
cultured in a plastic Petri dish sealed with
 
Parafilm or not sealed during the callus
 
proliferation period, in anther culture of a
 
Japonica rice cultivar, Kita-ake. Time of
 
seeding and anther inoculation were June
 
and Aug., respectively, in 2001. 1) All
 
regenerated plants include both green and
 
albino plants.
□ :Sealed with Parafilm (conventional method).
■ :Not sealed.
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Fig.10. Rate of callus induction (percentage of the
 
number of calli to that of anthers) in a
 
plastic Petri dish sealed with Parafilm or
 
not sealed during the callus induction, in
 
anther culture of a Japonica rice cultivar,
Kirara 397 in 1999. Time of seeding and
 
anther inoculation were April and June,
respectively,in experiment 1,and July and
 
Sept.,respectively,in experiment 2.































Table 9 . Effect of the avoidance of Parafilm sealing for test tubes during the plant regeneration period on the green
 
plant regeneration from the calli derived from the anther culture of different dihaploid lines of a Japonica
 
rice cultivar,Kita-ake.
Rate of plant regeneration from calli (%) Green plants/All plants
(A/B,%)
Rate of contamination
(%)Line?? Green plants (A) All plants??(B)
(S)?? (N)?? (N-S) (S) (N) (N-S) (S) (N) (N-S) (S) (N)
A-7  57  63  6  72  84  12  79  75 － 4  0  0
 
A-8  60  70  10  71  85  14  85  82 － 3  0  0
 
A-10  70  79  9  86  92  6  81  86  5  0  0
 
C-24  22  16 －6  42  25 －17  52  64  12  0  11
 
C-25  61  73  12  70  85  15  87  86 － 1  0  4
 
D-12  57  81  24  67  89  22  85  91  6  0  0
 
D-25  62  60 －2  75  86  11  83  70 －13  0  0
 
D-26  58  68  10  72  89  17  81  76 － 5  0  1
 
D-29  66  71  5  87  88  1  76  81  5  0  3
 
D-30  30  50  20  55  87  32  55  57  2  0  0
 
Average  54.3  63.1  8.8? 69.7  81.0  11.3? 76.4  76.8  0.4  0  1.9
 
Note:1)Dihaploid strains derived from‘Kita-ake’.
2)All regenerated plants include both green and albino plants.
3)S:sealed with Parafilm,N:not sealed.
Time of seeding and anther inoculation were July and Sept.,respectively,in 1999.
?Significant at the 5% level.
Fig.13. Rate of plant regeneration from the calli
 
cultured in a test tube sealed with Parafilm
 
or not sealed during the plant regeneration
 
period, in anther culture of a Japonica rice
 
cultivar, Kita-ake. Time of seeding and
 
anther inoculation were April and June,
respectively,in 2000.
1)All regenerated plants include both green
 
and albino plants.
□ :Test tube was sealed with Parafilm (conventional
 
method).
















































































































































Fig.14. Relationship between anther density and the
 
rate of callus induction (percentage of the
 
number of calli to that of anthers) in a
 
Japonica rice cultivar,Kita-ake. In experi-
ments 1-3 ( ), the number of anthers
 
was changed in a fixed volume (20ml) of
 
liquid medium in the 90×20mm plastic Petri
 
dish. In experiment 4 (●), the number of
 
anthers was fixed to 60 and the liquid vol-
ume in the Petri dish was changed. Time
 




1 ( ),Aug.and Oct., 1997, respectively, in
 
experiment 2 ( ), Aug. and Sept., 1999,





Fig.15. Relationship between anther density and the
 
rate of plant regeneration from calli (per-
centage of the number of the calli which
 
produced green plants to that of total calli).































































Table 10. Anther density in the floating anther culture of rice reported.
Reference  Condition of callus induction
 
Culture vessel Author  Published year  
No.of anthers
 









Tian and Chen  1983  100  5  20  50ml  Flask
 
Ozaki  1986a  20  2  10 φ30  Plastic Petri dish
 
Kobayashi et al. 1992  30  4  7.5 φ60  Plastic Petri dish
 
Tsugawa  1992  50  20  2.5  100ml  Flask
 
Sato  1993  80  3～4  20～27 φ60  Plastic Petri dish
 
Ozawa et al. 1999  30  4  7.5 φ35×15 Plastic Petri dish
 
Daigen et al. 2000  50  25  2.0 φ90  Petri dish
 
Guzman and Arias  2000  100  5  20 φ50  Petri dish
 
My conventional method  72  20  3.6 φ90×20 Plastic Petri dish
 
Note:Harada and Oono (1984),Negishi et al.(1987)and Hoshi and Daigen(1999)performed the floating anther culture but anther density
 
was not described.







































1988，Higuchi and Maeda 1990, 1991），形態観察










































Liquid medium  Agar medium  Circled area in B
 
Fig.16. Calli floating on liquid medium (A)and the
 
calli transplanted onto agar medium (B,C).
C is a magnified figure of the circled area in
 
B showing liquid medium attached to the
 










































Table 11. Comparison of the culture efficiency between the cultures of rice anther with solid medium and those
 
with liquid medium.











Solid  15  52  Four Japonica cultivars Ozaki  1986b  Liquid  72  20  including Nipponbare.
Solid  8  88 Tsugawa  1992  A F?cultivar,K8.
Liquid  154  42
 
Solid  39  7 Saka et al. 1995  F?plants from one cross.
Liquid  120  0.3
 
Solid  24  47 Ozawa et al. 1999  F?plants from 6 crosses.
Liquid  100  26
 
Note:1)Rate in solid medium＝ number of anther that produced callus or calli/number of anthers inoculated.
Rate in liquid＝ total number of calli induced/number of anthers inoculated.
2)Rate＝ number of the calli which produced green plants/total number of calli.
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Fig.17. Effect of the removal of liquid medium
 
attached to the calli before transfer to agar
 
medium for plant regeneration. Time of
 
seeding and anther inoculation were April
 
and June, respectively, in 1999, May and
 
July, respectively, in 2000 and April and
 
June,respectively, in 2001. 1)All regener-
ated plants include both green and albino
 
plants.
□ :Wet callus (conventional method).











れている（中野・前田1974，Inoue and Maeda 1980，





















































































































Fig.19 . Increase in the size of calli after the anther
 








Table 12. The number of calli induced from pollen
 
grains at different period after the start of
 




originated calli induced in each period from 557 anthers inoculated
 
Calculated number of??
pollen-originated calli per 100 anthers
 
0～ 7  0  0± 0.0
 
7～14  25  5± 0.9
 
14～21  128  23± 5.5
 
21～28  197  35± 9.7
 
28～35  169  30± 6.3
 
Total  519  93±22.4
 
Note:A Japonica rice cultivar,kita-ake was used.
Time of seeding and anther inoculation were July and
 
Sept.,respectively,in 1999.
1)The values are means± S.E.(n＝95).
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Fig.18. Increase in the number of calli after the
 
anther inoculation on liquid medium.
:Number of calli scored in a standard anther cul-
ture(1st experiment in May 2002).
:Total number of calli estimatedfromthe number
 
of calli of pollen-origin and that of the division-



































Table 13. The increased ratio of number of calli increased by their division after the single callus culture
 
on liquid medium.
The increased ratio to the original number Size of callus transplanted
(mm)
No.of calli transplanted  Days after the start of callus transplantation
 
0  7  14  21  28
 
0.1～0.4  18  1.0±0.0  1.4±0.1  2.2±0.3  3.7±0.7  6.6±1.6
 
0.5～0.9  18  1.0±0.0  1.7±0.2  3.4±0.6  5.9±1.1  9.0±1.3
 
Total  36?? 1.0±0.0  1.6±0.1  2.8±0.3  4.8±0.7  7.8±1.0
 
Note:A Japonica rice cultivar,kita-ake was used.Time of seeding and anther inoculation were July and Sept.,respectively,in 1999.The
 
values are means± S.E.
1)Thirty six calli were arbitrarily chosen out of the calli formed for 7 days from 14 th.to 21 st.after anther inoculation.
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Fig.20. The size and number of calli increased by the division of a single callus cultured on liquid medium. Three
 
representative examples of the callus division are shown. A single callus increased to 2 calli in A within
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Summary
 
Since the 1980’s,anther culture has been used as a technique in rice breeding,and over 25 cultivars and
 
lines from anther culture have been developed in Japan. However,the efficiency of anther culture in Japan
 
is extremely low. In this study, the effects of the developmental stage of pollen, culture temperature,
aeration of culture vessels,anther density and callus dehydration on the efficiency of anther culture were
 
examined,and the actual state of callus proliferation in floating anther culture was analyzed.
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1. Four Japonica rice cultivars,Kita-ake,Kirara 397,Yukihikari and Aya were used in this study. Rice
 
plants with only the main culms were densely planted in pots,and the anthers with mid-to late-uninucleate
 
pollen grains were collected from a restricted position of the ear. The anthers were cultured by a
 
three-step method;callus induction in liquid medium for 35 days,callus proliferation on agar medium for
 
7 days and plant regeneration on agar medium for 60 days. Anthers and calli were incubated in a growth
 
chamber at 25℃ under 12hr light at 3,000 lx.
2. Mid-uninucleate pollen grains were induced to calli at the highest frequency and followed by the
 
late-uninucleate pollen grains. The mid-uninucleate microspores can be identified by the presence of
 
double membranes,exine and intine,and by the location of the nucleus in the center of pollen cells filled
 
with dense cytoplasm under a microscope. The late-uninucleate microspores can be identified by the
 
presence of one large vacuole occupying most of the cell,and by the nucleus located outside of the vacuole.
Anthers at the mid to late uninucleate stages could be selected with an efficiency of 81～88% by using a
 
combination of two indexes;one is the glume length longer than 5.3mm and the other is the ratio of the
 
length of the stamen to that of glume less than 0.42.
3. The rate of callus induction was increased 1.2～1.9 times by culturing the anthers at 30℃/20℃ (12L:12D)
compared with the culture at 25/25℃. In addition,the rate of albino in the plants regenerated from the
 
calli was decreased by culture at 30/20℃ compared culture at 25/25℃. The rate of green plant regenera-
tion from calli cultured at 30/20℃ during the regeneration period was 1.1～1.4 times of that cultured at
 
25/25℃. The rates of callus induction,green-plant regeneration from calli and green-plant regeneration
 
per anther when cultured at 30/20℃ throughout the period from anther inoculation to plant regeneration
 
were 1.6,1.4 and 2.4times,respectively,of those when cultured at 25/25℃.
4. The rate of callus induction was 1.6～3.8 times when an unsealed culture vessel was used during the
 
callus induction period. The rate of green-plant regeneration from calli was 1.1～1.3 times by using an
 
unsealed culture vessel during the callus proliferation and plant regeneration.
5. The rate of callus induction was increased by reducing the density of anthers in the range of anther
 
density from 0.9 to 6 anthers/ml. The rate of callus induction was increased 1.2～2.1 times by reducing
 
the density from 3 to 1.5 anthers/ml.
6. The rate of green-plant regeneration from calli was increased 1.4～1.7 times by blotting the liquid
 
medium attached to the calli with filter paper for a few seconds before transfer to agar medium for plant
 
regeneration.
7. Two types of calli,one was derived from pollen and the other was from the division of pollen-originated
 
callus, were observed in the floating anther culture. The division-originated calli were estimated to
 
comprise 46.7% of the total calli at 35 days after the start of culture. The genotype of division-originated
 
calli may be the same as that of the original calli,but this must be verified in the future.
8. Thus,the anther culture techniques used in this study should be useful for both breeders and researchers.
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